Cellular compartmentalization requires machinery capable of translocating polypeptides across membranes. In many cases, transported proteins must first be unfolded by means of the proton motive force and/or ATP hydrolysis. Anthrax toxin, which is composed of a channel-forming protein and two substrate proteins, is an attractive model system to study translocation-coupled unfolding, because the applied driving force can be externally controlled and translocation can be monitored directly by using electrophysiology. By controlling the driving force and introducing destabilizing point mutations in the substrate, we identified the barriers in the transport pathway, determined which barrier corresponds to protein unfolding, and mapped how the substrate protein unfolds during translocation. In contrast to previous studies, we find that the protein's structure next to the signal tag is not rate-limiting to unfolding. Instead, a more extensive part of the structure, the amino-terminal ␤-sheet subdomain, must disassemble to cross the unfolding barrier. We also find that unfolding is catalyzed by the channel's phenylalanine-clamp active site. We propose a broad molecular mechanism for translocation-coupled unfolding, which is applicable to both soluble and membrane-embedded unfolding machines.
F
olded proteins are Ϸ5-10 kcal⅐mol Ϫ1 more stable than their unfolded states. Therefore, the disassembly and translocation of folded proteins often require a molecular machine and a source of free energy. These ubiquitous multiprotein complexes include soluble degradation machinery, such as the proteasome or the Clp bacterial proteases (1) , which unfold and degrade proteins, and some, but not all, membrane-embedded translocase channels, which can unfold and transport proteins across membranes (2) . There are general features shared between these soluble and membrane-embedded translocase machines: a narrow central pore first engages the protein substrate on its free end, the substrate is unfolded mechanically, and the unfolded chain is translocated through the narrow pore, allowing it ultimately to either cross a membrane or enter into a proteolytic complex for degradation. Protein unfolding and translocation in these systems are often driven by ATP hydrolysis (1, 2), a membrane potential (⌬⌿) (2, 3) , and/or a proton gradient (⌬pH) (4) . The molecular mechanism of translocation-coupled unfolding, however, is poorly understood.
Prior studies examining the correlation between substrate protein stability and translocation kinetics have produced conflicting results. Some ligand-stabilized substrates translocate inefficiently, because they are too thermodynamically stable (5) ; however, other substrates show little change in the rate of translocation when destabilized by mutagenesis (6, 7) . To resolve these conflicting results, it was proposed that translocation-coupled unfolding (6, 8) depends on the mechanical stability of the local structure adjacent to the signal tag. Once this local secondary structure element is unraveled, the rest of the protein is thought to denature rapidly (6) .
This local-stability model is surprising when considering solutionunfolding studies (9) , which generally show that the rate-limiting unfolding step involves an extensive region of structure. Although local structure may unfold as a cooperative unit, as shown by native state hydrogen exchange (10) , these local-unfolding events are not rate-limiting to the larger-scale global unfolding (Fig. S1 ). Localunfolding intermediates are often found on the native side of the major rate-limiting unfolding barrier, and they can be similar in free energy to the native state. The observation that a small, local region of structure is rate-limiting in these translocation studies suggests one of two possible explanations. Either the unfolding transition state is shifted toward the native state, or the global unfolding transition was not rate-limiting under the conditions tested. Also, the magnitude of the applied driving force may alter the translocation pathway, depending on the force dependencies of the underlying barriers in the mechanism. Thus, due to the inability to continuously tune the applied driving force in prior translocation studies, it is unclear which steps are rate-limiting and how the substrate protein unfolds during translocation.
Anthrax toxin (11) is well suited to study protein unfolding during translocation, because the applied driving force can be externally controlled and continuously adjusted using electrophysiology. The toxin is comprised of three protein components: lethal factor (LF), edema factor (EF), and protective antigen (PA). The PA component first forms a ring-shaped oligomer that binds LF and EF. These toxin complexes are endocytosed and delivered to an acidic compartment in the cell. The PA oligomer then converts into a membrane-spanning translocase channel, which is so narrow that LF and EF must unfold to translocate (12) . The acidic conditions encountered after endocytosis not only destabilize LF and EF (12), but they also generate a transmembrane ⌬pH that drives translocation (4). Also, a narrow ring of symmetric phenylalanine residues contained within the PA channel (called the clamp) provides an aromatic interaction surface that is critical for catalyzing translocation (13) .
Here, we develop a general framework to define the energy landscape of a translocation mechanism. Using anthrax toxin, we establish the major barriers of translocation, define their force dependencies, and determine which barriers involve protein unfolding. Through site-directed mutagenesis, we then probe how the substrate protein unfolds during translocation and determine whether the -clamp site of the channel drives translocation by catalyzing substrate unfolding.
added to the bilayer, where it binds to PA and blocks conductance by inserting into the narrow channel. Excess LF N is perfused, and translocation is initiated by raising the ⌬⌿. As LF N translocates, the channels become unblocked, and the restoration of conductance reports on the translocation kinetics in real time. The observed translocation kinetics are multiexponential and complex (Fig. 1A ) (3, 4, 13) . We estimate the rate constant, k, for the translocation reaction using the half time (t 1/2 ), which is the time (measured in seconds) for half of the translocated protein to move through the channel. Because t 1/2 ϰ 1/k, the approximation is adequate for our analysis. We calculate an empirical activation energy (⌬G ‡ ) at a particular ⌬⌿ with ⌬G ‡ ϭ RT ln t 1/2 /c. Here, R and T are the gas constant and temperature, and c is an arbitrary reference, which we define as 1 s. We find that the translocation ⌬G ‡ s have a biphasic ⌬⌿ dependence with two different linear extremes at high and low voltages (Fig. 1B) .
We considered this biphasic ⌬⌿ dependence in terms of the Eyring-Woodhull model (14) . In this model, the transport of a charged species across a membrane is both barrier-limited and modulated by the applied ⌬⌿. For a simple, single-barrier case, the dependence of the activation energy and ⌬⌿ should be linear; i.e., ⌬G ‡ (⌬⌿) ϭ ⌬G ‡ o ϩ zF⌬⌿. Here, z represents the number of charges acted on in the rate-limiting step, ⌬G ‡ o is the activation energy determined at 0 mV, and F is Faraday's constant. Our biphasic dependence, however, shows that there are two different barriers in the translocation mechanism: A ⌬⌿-sensitive barrier is limiting at low ⌬⌿s, and a relatively ⌬⌿-insensitive barrier is limiting at high ⌬⌿s. We fit the observed ⌬⌿ dependencies to a two-barrier model (see Materials and Methods), and the linear extremes at low and high ⌬⌿ correspond to z-value slopes of 4.2 (Ϯ0.2) and 0.22 (Ϯ0.05), respectively. Therefore, due to the Ϸ20-fold difference in z-values, we may specifically probe the kinetics at either extreme in voltage to determine which structures in the substrate and channel may limit each barrier.
⌬pH-Driven Translocation. The ⌬pH is also a potent driving force for translocation. We wanted to test whether the more ⌬pH-dependent phase was analogous to the ⌬⌿-sensitive phase encountered in ⌬⌿-driven translocation. To produce a ⌬pH, we changed the pH on the trans side of the membrane and maintained a constant pH on the cis side, which is the side that LF N and PA are added. This procedure ensures that neither LF N 's stability nor its binding interaction with PA would be altered, because these quantities are pH-dependent (12) . Translocations were driven by a constant ⌬⌿ (60 mV), and the ⌬pH (⌬pH ' pH trans Ϫ pH cis ) was varied over a range of Ϯ1 unit (Fig. 1C) .
We measured a biphasic ⌬pH dependence for WT LF N (Fig. 1C) . For a simple single-barrier case, the following chemical potential relationship, ⌬G ‡ ϭ ⌬G ‡ o Ϫ 2.3nRT⌬pH, applies. Here, n is the number of protons required to cross the barrier. The biphasic data we obtained required a two-barrier form of the above relationship (see Materials and Methods). The two n-values that define the limiting slopes in the biphasic relationship are 2.09 (Ϯ0.06) and 0.21 (Ϯ0.03), and correspond to a ⌬pH-sensitive and ⌬pH-insensitive barrier, respectively. Because the two different types of driving forces (⌬⌿ and ⌬pH) produce a similar biphasic relationship with ⌬G ‡ , we infer that these driving forces do not modulate the structure of the channel, but rather they act directly on the substrate.
Probing How Protein Stability Affects Translocation. To determine which barrier(s) relate to unfolding, we introduced multiple point mutations into LF N . The thermodynamic stability of each mutant was assessed by chemical denaturant titration probed by various spectroscopic methods ( Fig. 1 A Inset) . These data were fit to a four-state equilibrium unfolding model, N^I^J^U (12) , to obtain ⌬G values for each transition. The ⌬Gs between the N and I states (⌬G NI ) were then used to compute the difference between the mutant and WT protein, and these ⌬⌬G NI values ranged from Ϸ0.4 to Ϸ3 kcal⅐mol Ϫ1 (Table S1 ).
Ensemble translocation experiments were performed on the destabilized LF N mutants. Initially, we examined the ⌬⌿ dependence of the translocation activation energy for a destabilized LF N mutant (L145A) and found that it translocated faster than WT at lower voltages; however, at higher voltages, the mutant translocated like WT LF N ( Fig. 1 A and B) . Importantly, the shape of the curve and its z-values were identical to WT, indicating that the position of the barriers did not change and only the barrier heights were affected by the destabilizing mutation. Likewise, we measured the ⌬pH dependence of the translocation kinetics of the L145A LF N mutant. We found that protein unfolding mainly corresponds to the ⌬pH-sensitive phase (Fig. 1C) , mirroring what we observed for ⌬⌿-driven translocation. Thus, we conclude that translocationcoupled unfolding is a mechanical process that can be driven by any type of externally applied force.
We then analyzed the translocation kinetics of all 21 mutants at two different voltages, 40 and 70 mV. The lower ⌬⌿ of 40 mV was used to probe the steeply ⌬⌿-dependent step, and the higher ⌬⌿ of 70 mV was used to probe the largely ⌬⌿-independent step. At 40 mV, the activation energy difference between mutant and WT (⌬⌬G ‡ ) crudely tracks with the measured ⌬⌬G NI (Fig. S2 A) . There are exceptions to the extent of the correlation between the ⌬⌬G ‡ and ⌬⌬G NI , which likely relate to the location of the mutation. At 70 mV, most of the LF N mutants translocate with comparable rates with WT, and their ⌬⌬G ‡ s at this voltage are invariant with protein stability (Fig. S2B) . Interestingly, one outlier mutant, M40A, translocated Ϸ10-fold slower than WT at both 40 and 70 mV despite being destabilized 0.6 kcal⅐mol Ϫ1 . In general, we find that the major unfolding transition coincides with the more driving-forcedependent, ⌬⌿-sensitive barrier (Fig. 1D) .
Using Analysis to Probe Unfolding During Translocation. The ⌬⌬G ‡ values obtained at low voltage show a large degree of scatter when plotted against ⌬⌬G NI (Fig. S2 A) . The apparent noise in the correlation may reflect that some mutations apportion more of their equilibrium stability difference to the unfolding rate than other mutations. Thus, certain sites in the structure are more critical to the unfolding pathway. To determine the location of these critical sites, we calculated the relative effects of each mutation using analysis (15) . This analysis normalizes the relative kinetic effect of a destabilizing mutation (⌬⌬G ‡ ) to the equilibrium change in stability between the mutant and WT proteins (⌬⌬G), using ϭ ⌬⌬G ‡ /⌬⌬G. These values are often fractional, ranging between zero and unity. Here, values near unity indicate that the mutation disrupts structure that must unfold to cross the rate-limiting barrier.
However, values near zero indicate that the opposite is true, and the mutation disrupts structure that unfolds after crossing the rate-limiting barrier. Therefore, analysis allows us to map the portions of the protein that must unfold to cross the ⌬⌿-sensitive, unfolding barrier during translocation.
We computed values for each of our 21 mutants from the ⌬⌬G ‡ values obtained at 40 mV and the ⌬⌬G NI values obtained from equilibrium denaturant titration experiments. Overall, we find that LF N unfolds via a cooperative transition during translocation, where higher values are observed in a specific region of the structure. This structure is located in or adjacent to the ␤-sheet of LF N (Fig. 2) . Namely, H91 and A112 are in the loop connecting ␤ strands 2 and 3, and V119 is in ␤3. Other high--value residues, L62, V70, and L145, are located in helices ␣2, ␣3 and ␣4, respectively, which flank the ␤-sheet. The low--value sites (L155, L174, F217, A220, and D245) cluster in the carboxyl-terminal, ␣-helical subdomain ( Fig. 2) , which is required for binding to PA (16, 17) . Thus, this carboxyl-terminal subdomain unfolds only after the unfolding barrier is traversed, and we conclude that the overall unfolding transition is extensive, polarized, and specifically localized in the ␤-sheet subdomain of the protein.
Outlier LFN Mutants. The M40A LF N mutant is unusual in that it translocates Ϸ10-fold slower than WT despite being destabilized 0.6 kcal⅐mol Ϫ1 (Fig. 3A) . The mechanism behind this mutational effect appears in conflict with our unfolding model. When M40 is substituted with other large residues (D, K, L, or W), the mutants translocate like WT LF N (Fig. S3) . However, when M40 is substituted with small residues, such as S, T, or V, the translocation rate is slow and resembles that observed for the M40A mutant (Fig. S3) . The tolerance of the site to various substitutions suggests that the interaction with PA is nonspecific and may function to destabilize the substrate. Thus, we conclude that mutations at M40 may disrupt a putative interaction between LF and PA, effectively stabilizing the substrate and thereby impeding translocation.
Role of Clamp in Substrate Unfolding. The clamp in the PA channel is required for translocase activity (13) . This site is comprised of an F427 residue from each PA subunit in the oligomer, and it forms a critical hydrophobic constriction point in the PA channel (Fig. 3B Inset) . We tested two functional -clamp mutants to determine how the mutations affected the ⌬⌿ dependence of translocation. We find that the -clamp mutants, F427L and F427Y, translocate slower than WT at both high and low ⌬⌿s (Fig.  3B ). This shift in the translocation kinetics is similar to what we observe for both M40A LF N translocation and WT LF N translocation under high-pH conditions, which are known to be stabilizing (4, 12) . Thus, we propose that the substrate is effectively stabilized when translocated via a channel with a mutated clamp.
To further test whether the -clamp site has unfoldase activity, we used double-mutant cycle analysis (18) , where mutations at the -clamp site could be analyzed in the context of destabilizing mutations in the substrate protein. If the clamp has a role in substrate unfolding, then destabilized LF N mutants should complement a defective -clamp mutant, and a negative interaction energy (⌬⌬G int ) should be measured. ⌬⌬G int is calculated from the ⌬G ‡ values for all four combinations of mutant (MUT) and WT substrate and channel:
Using the F427L and F427Y PA mutants, we measured interaction energies of ϷϪ0.2-Ϫ0.3 kcal⅐mol Ϫ1 for the V70A, L145A, and V119A LF N mutants (Table S2) . To control for the small, negative ⌬⌬G int s observed, we tested two carboxyl-terminal sites, F217A and F221A, that strongly destabilized LF N (2-3 kcal⅐mol Ϫ1 ), but only marginally increased the activation energy of translocation; these ⌬⌬G int s were essentially zero, ϩ0.2, and 0.0 kcal⅐mol Ϫ1 , respectively (Table S2) . Thus, the negative ⌬⌬G int s observed in sites rate-limiting to unfolding indicate that the clamp is functionally linked to unfolding.
Discussion
Barriers. To elucidate the molecular mechanism of translocation, not only must the barriers be defined, but the barrier heights must be manipulated in a controlled manner. The anthrax toxin system is advantageous, because a constant ⌬⌿ or ⌬pH may be applied, and these driving forces are continuously tunable. Using the Eyring-Woodhull model for electrodiffusion (⌬G ‡ ϭ ⌬G ‡ o ϩ zF⌬⌿) and the chemical potential relationship (⌬G ‡ ϭ ⌬G ‡ o Ϫ 2.3nRT⌬pH), ⌬G ‡ should vary linearly with either ⌬⌿ or ⌬pH. We find that the relationship between the ⌬G ‡ of translocation and the driving forces (⌬⌿ and ⌬pH) is not linear. The dependencies are, however, biphasic with two different linear extremes ( Fig. 1 B and  C) , indicating that two barriers are crossed during translocation: a more force-dependent barrier and a less force-dependent barrier (Fig. 1D) . Through our analysis of the open and closed lifetimes during single-channel translocations, we were able to distinguish a third barrier-limited process related to substrate docking ( Fig. S4 and Results in SI Text). We do not see this step in ensemble translocation measurements, because LF N is already docked in the channel before translocation initiates. Thus, we propose the following three-barrier model for translocation: on binding the surface of a PA channel, the amino terminus of LF N first docks inside the channel at the -clamp site, LF N then unfolds, and finally, the unfolded chain translocates through PA (Fig. 4A) .
Changes in the observed translocation ⌬G ‡ versus driving-force plots (Fig. 4B ) indicate how these barriers are affected. Destabilized LF N s affect the translocation mechanism in the following manner. Given that the folded state of a destabilized mutant is higher in free energy than that of WT, destabilization lowers the force-sensitive, unfolding barrier and results in faster translocation. At high ⌬⌿s, the height of the translocation barrier should not change relative to the unfolded well (between the unfolding and translocation barriers), because the mutants translocate at the same rate as WT at high ⌬⌿s (Fig. 4B) .
Stabilizing the substrate protein should have a different effect on the translocation mechanism. For example, under higher symmetrical pHs, which are thermodynamically stabilizing (12) , LF N translocates more slowly at both high and low ⌬⌿ (4). These ⌬G ‡ versus ⌬⌿ plots are also biphasic; however, they are shifted upward compared with WT translocations at lower pH conditions (Fig. 4B) . Similarly, PA -clamp mutants and mutations at M40 in LF N translocate slower than WT LF N via WT PA (Fig. 3) . For these situations, we propose that the substrate proteins are effectively more stable. Although different mechanisms may be involved, substrate stabilization increases the energy of the unfolded well relative to the folded, docked well, which thermodynamically limits the translocation step (Fig. 4B) . The effective translocation rate decreases proportionately and is consistent with what we observe at high ⌬⌿s. We hypothesize that the clamp and other hydrophobic sites in the channel favor substrate destabilization by providing hydrophobic interaction sites for the unfolded substrate to partition (13) . This feature, in addition to the mechanical unfolding force, lowers the unfolding barrier and may explain how proteins can unfold more rapidly during translocation than in solution. Mutating the clamp may disrupt the hydrophobic interaction with the unfolded substrate, thereby leading to the stabilization of the substrate. In a similar way, the M40A mutant is effectively stabilized in the context of the PA translocase. We propose that a putative M40-PA interaction maintains the substrate in a more unfolded state. Therefore, disrupting hydrophobic interactions between the channel and substrate may effectively stabilize the substrate.
Driving Forces. Within the cell, unfolding is most likely accomplished by mechanical denaturation, although acid denaturation is also relevant for toxins that translocate from the endosomal compartment (12) . Unfolding forces generally range from 10 to 300 pN (19) . As previously shown in mitochondrial import (20, 21) , the ⌬⌿ can generate a mechanical-unfolding force called the Lorentz force, F ϭ Ϫ1.6⌬⌿z/d, where F is the force (in piconewtons) and d is the distance (in ångstroms). In this system, the applied electric field acts on positive charge in the translocating chain: acidic pH conditions combined with the cation selectivity of the PA channel (22) may induce a net-positive protonation state in the translocating chain, which can be driven productively by the positive membrane potential.
We were able to elaborate on the prior (20, 21) Lorentz-force translocation model in several ways. By measuring the ⌬⌿ dependence of the kinetics, we obtained a z-value of 4.2 charges for the unfolding transition. It is likely that these charges are in the amino-terminal leader sequence, which contains a high density of basic residues, and is required to initiate translocation (23). Considering our z-value of 4.2 charges, we estimate that LF N experiences forces of 2.7-27 pN at 40 mV (for d values ranging from 100-10 Å). The value for d is difficult to predict and complicated by features in the channel, such as the -clamp site. The -clamp constriction may concentrate the electric field lines and, therefore, result in a higher force applied over a shorter distance. Last, we find that the second barrier is also slightly ⌬⌿-dependent (z ϭ 0.22). Because this barrier is not related to unfolding, this dependence may indicate that positive charge downstream of the aminoterminal leader sequence is acted on when crossing the translocation barrier.
We also tested how a proton gradient (⌬pH) would affect the two barriers. This type of driving force is especially relevant to toxin translocation, because LF and EF are transported from an acidic endosomal compartment to the cytosol. A ⌬pH is sufficient to drive LF N translocation and is required for the full-length LF and EF substrates (4). The ⌬pH may generate a force through a chargestate Brownian ratchet (4) . In this mechanism, the protonation state of anionic residues in the translocating chain and/or the channel can change during successive cycles of translocation. As the substrate exits the channel under Brownian motion, anionic residues are more likely to deprotonate as they enter the higher pH side of the membrane, and they may develop an electrostatic repulsion with the anionic channel. Thus, Brownian motion is rectified, favoring productive translocation.
Analogous to ⌬⌿-driven translocation, the activation energy of ⌬pH-driven translocation is biphasic with two linear extremes. Once again, this biphasic dependence indicates that two barriers are crossed during translocation: one barrier is strongly ⌬pH-dependent, and the other is Ϸ10-fold less ⌬pH-dependent. We found that destabilizing mutations affect the ⌬pH-sensitive barrier most (Fig. 1C) , and we can generalize that unfolding is the most force-dependent step in the translocation mechanism. Compared with the unfolding step, the translocation step is Ϸ10-20-fold less force dependent, which makes physical sense. Although a large amount of force is required to disassemble the hydrophobic core of a protein, a smaller force may be sufficient to overcome unproductive diffusive motion and guide the unfolded chain through a channel.
Structures. Using mutagenesis, we sought to determine how LF N unfolds during translocation. We avoided mutating regions of LF N that are expected to bind the channel (16, 17) . The Y236A LF N mutant, which is defective in binding to PA at neutral pH (16) , is also defective in binding to PA at low pH. We conclude that the LF binding sites of PA undergo little remodeling once the oligomer converts to its membrane-inserted channel state. We also presume that LF N begins translocation in a largely native topology on the surface of PA, and we use the ⌬⌬G NI values accordingly in our analysis. Last, it should be noted that this structural picture is consistent with biochemical data on the LF N -PA complex (11) .
The fact that the carboxyl-terminal subdomain of LF N is bound to PA in a native conformation before translocation may be important, because it acts as the point of resistance (or fulcrum) for the force that is applied on the amino-terminal end (Fig. 4C) . If the carboxyl-terminal end is bound tightly to PA, then a force will be applied somewhere in the structure of LF N . We adapted mutational analysis (15) to determine the location of the structure acted on by the applied force. Our analysis identified a core of high -value residues that must unfold to cross the unfolding barrier; these sites are located toward the amino terminus in and adjacent to the ␤1-␤4 sheet and make up approximately a third of the protein (Fig. 2B ). This core is consistent with mechanical unfolding studies, which show that ␤-sheets often represent the mechanical breakpoint, or rate-limiting structure in the unfolding pathway. However, the direction in which the force is applied can greatly affect the mechanical stability of the protein (24) . For example, prior studies suggest that it takes more force to pull apart ␤-sheets in a shear topology (i.e., when the hydrogen bonds are perpendicular to the force vector) than it does when ␤-sheets are in a zipper topology (i.e., when the hydrogen bonds are parallel to the force vector) (25) . Considering the orientation of LF N when bound to PA (17), we believe the ␤-sheet would be pulled apart in a zipper topology (Fig.  4C) . Thus, the geometry of the LF N -PA complex may be such that it best exploits a force-dependent denaturation mechanism. The force may be concentrated on the ␤-sheet subdomain, and the orientation of the structure of LF N may favor the zipper topology.
Does Local Structure Control Translocation-Coupled Unfolding?
Prior studies indicate that translocation is limited by the local stability near the signal tag (2, 8, 26) . Once this local secondary structure near the signal tag is unfolded, the rest of the protein is thought to denature rapidly (6) . This model does not appear to apply to anthrax toxin translocation, because a larger portion of LF N must unfold to cross the unfolding barrier. To observe this unfolding step, we relied on our ability to control the driving force and measured the driving force dependencies of the translocation activation energy. Without this control, we may have not observed the unfolding step, because protein unfolding is not rate-limiting under large driving force conditions. Also, local unfolding events that result in complete collapse of the protein are generally not observed in solution-based protein unfolding studies. Native state hydrogen exchange studies on barnase (the substrate used in mitochondrial import studies) (27) , show that local structure may unfold as a cooperative unit, but these local-unfolding or fraying events are not rate-limiting to unfolding in solution. Although the mechanical unfolding energy landscape may differ from that encountered in solution, it seems unlikely that the unfolding of a single ␣ helix or loop on the surface of a protein represents its rate-limiting structure or mechanical breakpoint.
We suggest instead that local unfolding, or fraying, may simply lengthen the signal tag, allowing the protein to better engage with the channel or an ATP-dependent motor. Better engagement with the channel or motor could increase the driving force applied to the substrate such that unfolding is no longer rate-limiting. In fact, when the 12-residue ClpXP degradation tag (26) and 65-residue mitochondrial import presequence (28) are lengthened Ϸ10 residues, the rate of translocation is accelerated Ϸ10-and Ϸ3-fold. Therefore, local unfolding near the signal tag may result in partially unfolded intermediates, but the driving force may have been too high, such that the unfolding of the remaining structure in the protein was not rate-limiting.
General Model for Translocation. We propose a broad model for translocation-coupled unfolding, where unfolding is limited by the mechanical breakpoint of the protein. This breakpoint corresponds to a significant portion of the structure of the protein, and its location can vary depending on the structure of the protein. Sometimes the breakpoint is located immediately after the signal tag; other times, it is located deeper in the structure. Last, mechanical breakpoints may only be observed under low driving force conditions, because the unfolding barrier is the most forcedependent.
Translocation may follow a three-barrier model. The first barrier corresponds to docking or engagement with the channel or motor. For the latter two barriers, one is strongly force-dependent, and the other barrier is Ϸ10-fold less force-dependent. The strongly forcedependent step corresponds to a cooperative unfolding transition and is limited by the mechanical breakpoint of the protein. We presume that the less force-dependent step likely involves the translocation of the unfolded chain, because it is not limited by unfolding. Remarkably, this putative translocation barrier imposes an overall speed limit on the translocation of unfolded protein substrates (on the order of Ϸ10 s for Ϸ100-700-residue proteins) for our system (4) and others (6) (7) (8) 26) ; and this limit on the translocation step is invariant with the type of driving force applied (whether ATP, ⌬⌿, or ⌬pH). Understanding the common features shared among these and other translocases will advance our understanding of cellular protein unfolding.
Materials and Methods
Proteins. PA, LFN (residues 1-263 of LF), and their mutants were produced as described (12, 13) . His6 tags were removed by bovine ␣-thrombin. Oligomeric PA was prepared as described (13) .
Equilibrium Chemical Denaturation. Guanidinium chloride (Gdn⅐HCl) denaturation profiles were obtained as described (12) . A detailed description of the procedures is given in Materials and Methods in SI Text.
Translocation Kinetics. To form planar lipid bilayers, membrane-forming solution [3% 1,2-diphytanoyl-sn-glycerol-3-phosphocholine (Avanti Polar Lipids) in ndecane] was applied across a 100-m aperture in a 1-mL, white-Delrin cup, using the brush technique and capacitance test as described (4) . The membrane separated two chambers (cis and trans) containing 1 mL of pH 5.6 universal bilayer buffer [UBB: 100 mM KCl/1 mM EDTA/10 mM each of oxalic acid/2-(Nmorpholino)ethanesulfonic acid/phosphoric acid]. KCl-agar salt bridges linked the Ag/AgCl electrodes to each side. Current responses were amplified by an Axoclamp 200B and were recorded using CLAMPEX10 (Axon Instruments). ⌬⌿ ' ⌿cis Ϫ ⌿trans (⌿trans ' 0 V). All experiments were conducted at room temperature.
⌬⌿-dependent translocation experiments were performed as described in Results (4). After blocking channel conductance with substrate, translocation was driven by increasing the ⌬⌿. For most proton gradient-driven translocation experiments (where ⌬pH ϭ Ϯ0.5), the cis and trans chambers contained UBB differing only in pH, and the cis compartment was held at a constant pH of 5.6. After perfusion of the cis chamber, translocation was initiated by stepping to a higher ϩ⌬⌿. For larger ϩ⌬pHs Ͼ ϩ0.5, LFN was added at a ⌬⌿ of ϩ1 mV to prevent translocation during perfusion due to the higher ⌬pH.
Two-Barrier Analysis of Empirical Activation Energies.
The t 1/2 values are analogous to a mean transit time, , for the two sequential first-order reactions, such that ϭ 1 ϩ 2. The ⌬⌿ and ⌬pH dependencies of the translocation half-times (measured in seconds) were fit to the following two-barrier models, where ⌬G ‡ (⌬⌿, ⌬pH) ϭ RT ln t1/2/c, where c is a 1-s reference factor: 
